Abstract » Rotational malalignment of the lower extremity is a potential cause of hip, knee, and ankle pain.
I diopathic rotational abnormalities of the lower extremity have been studied for decades, yet there remains no consensus regarding the etiology of these conditions and at what degree of deformity a normal variant crosses the threshold into malalignment (known as "torsion"). In-toeing or out-toeing, the most conspicuous sign of torsional deformity, is first noticed in young children as an alteration of the foot progression angle 1, 2 . It is generally believed that most rotational deformities in children resolve over time, making the treatment of childhood deformity controversial 3, 4 . It is critical to recognize that compensatory rotation at the hip, knee, or foot may lead to apparent correction as seen by normalization of the foot progression angle despite persistent osseous abnormality and joint malposition 2, [4] [5] [6] [7] .
Posttraumatic malunion is a separate but important etiology of rotational deformity.
Meanwhile, deformity due to metabolic and neurological conditions must be considered during the initial work-up. Pathological rotational abnormality can cause difficulty with walking, patellofemoral pain, and instability and has been implicated in femoroacetabular impingement (FAI), patellofemoral arthritis, and knee and hip osteoarthritis in adults [8] [9] [10] [11] [12] [13] [14] [15] [16] .
Natural History
An appreciation of the childhood rotational development pathway helps us to better understand associated deformity in adolescents and adults. Limb rotation starts in utero and is part of normal development. At 5 months, the normal fetus has about 20°of internal tibial torsion. At birth, many infants have internal tibial rotation (2°to 4°), increased femoral anteversion (;40°), and external contractures at the hip 3, 10, 17 .
These uterine molding effects typically
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resolve spontaneously, after which abnormal rotation is revealed 3 . Rotational change continues until the age of 8 to 10 years, with the tibia externally rotating nearly 15°to 20°and the femur externally rotating 25°(thereby decreasing anteversion) 5, 18, 19 . There is certainly a packaging component to pathological limb rotation, as excess femoral anteversion that is present at birth often persists into skeletal maturity 20, 21 . Meanwhile, rotation has been shown to vary based on laterality, indicating that torsion may develop or adapt over time 3, 22, 23 . Further evidence of the progressive development of torsion is seen in patients with concurrent deformity of the tibia and femur 5 , such as compensatory external rotation of the tibia after the age of 8 years in patients with in-toeing gait secondary to femoral anteversion 4, 21 .
Clinical Evaluation
Evaluation begins with a thorough history and physical examination. Many benign rotational variations are seen in children and adults, and it is important to differentiate normal variability from pathological deformity. The clinical history should include an assessment of issues during pregnancy or birth and the meeting of developmental milestones. A family history of musculoskeletal disorders or hereditary conditions that may predispose to rotational malalignment (e.g., vitamin D-resistant rickets, mucopolysaccharidoses, achondroplasia, epiphyseal or metaphyseal dysplasia) should be included 24 . The extent of functional impairment experienced by the patient must be elicited. Next, a detailed musculoskeletal examination is performed. The patient wears shorts in order to allow for improved visualization of alignment and function. The initial focus is on general appearance, including stature, posture, and signs of limb or spine asymmetry that may indicate a syndromic condition. The crux of the physical examination is the assessment of the rotational profile. Hip rotation can be assessed with the patient in either the supine or prone position. With the patient in the prone position, the hip is extended and the knee is flexed to 90°. The prone position is preferred as the pelvis can be better stabilized, goniometer measurement is easier, the extended hip more closely resembles the walking position, and comparison with the contralateral leg is easier 25, 26 . In 1985, Staheli et al.
evaluated 1,000 limbs in patients of all ages and determined normal values for rotational positioning and passive range of motion of the lower extremities that are still used today 3 . The measurements that they described (internal and external hip rotation, thigh-foot axis, transmalleolar axis, and foot progression angle during gait), combined with the heel-bisector angle, which assesses concurrent foot deformity, allow for determination of the existence and location of deformity prior to imaging. Increased levels of hip internal rotation are suggestive of femoral anteversion 27 , whereas limited internal rotation may indicate decreased anteversion, retroversion, or femoroacetabular dysplasia 16 . However, range-of-motion values do not necessarily correlate with the degree of anteversion
27
. Increased femoral anteversion also may be diagnosed on the basis of medially-facing patellar alignment during gait or during standing with the feet pointed straight ahead ("winking patella sign"). The "W" sitting position is another characteristic sign of anteversion (Fig. 1) . The "eggbeater" running pattern also may be seen during the gait examination secondary to internal rotation of the thighs during swing phase 24 .
Although not a component of the rotational profile as described by Staheli et al., femoral anteversion can be assessed by determining the relative positions of the greater trochanter and the transverse axis of the femoral condyles 25, 28 , or it can be estimated as the midpoint of the passive rotation arc of the hip, but physical examination correlates poorly with computed tomography (CT) measurements 29, 30 .
Classically, the thigh-foot axis is used to assess tibial rotation. In reality, it is a composite measurement of a combination of tibial and hindfoot rotation in relation to the longitudinal axis of the thigh. Assessment is performed with the patient in the prone position, with the knee flexed to 90°and the ankle in a neutral position. A goniometer is used to measure the angular difference between the axis of the foot and the axis of the thigh. Infants have 5°of internal rotation on average. The thigh-foot axis externally rotates to about 10°by the age of 8 years, and there is little change from this point through adulthood 3, 31 .
External tibial rotation in infancy is less common and often worsens during growth, necessitating that these patients be closely followed as they may need surgery to prevent future patellofemoral issues 31 . Concurrent foot deformity can alter the measurement of the thigh-foot axis 3 and is evaluated with the heelbisector line, which is drawn through the midline axis of the hindfoot. This line should pass through the second web space in a neutral foot, and medial or lateral deviation is a sign of forefoot adduction or abduction 32 . Metatarsus adductus, cavus, or clubfoot are potential causes of in-toeing, whereas pes planovalgus is a potential cause of outtoeing. Finally, functional assessment of the extremity during gait is performed. The foot progression angle is defined as the angular difference between the axis of the foot and the line of progression (an imaginary straight line along which the patient walks). The foot progression angle is determined by the combination of femoral and tibial rotation, foot shape, and muscular forces and represents the global alignment of the lower extremity. By convention, in-toeing is considered a negative angle whereas outtoeing is positive. A typical in-office assessment is performed with the patient walking a straight line directly toward the examiner. The foot progression angle remains mildly positive (average, 6°to 10°) throughout growth, with relative out-toeing in young children (due to increased lateral rotation of the hip) and in elderly adults (due to progressive loss of hip internal rotation) 3, 33, 34 .
It is important to be aware that the foot progression angle can be normal even in the setting of severe deformity. Several reports have described coupling of femoral anteversion and external tibial torsion, a compensatory adaptation that helps to normalize the foot progression angle 5, 21, 22, [35] [36] [37] . Tibial torsion is intimately related to the foot progression angle and usually twists in the same direction, whereas the femur often rotates in the opposite direction 5 . Offsetting rotation can occur in .50% of patients, evidence that supports a full examination even for patients with an apparently normal gait and foot progression angle 5 . Gait analysis (mandatory for neurogenic patients) provides an objective overview of trunk, pelvis, hip and extremity rotation throughout the gait cycle and can assist in unmasking relationships between static osseous abnormalities and dynamic mechanisms of compensation at the hip and the knee 2, 29 .
With the advent of advanced imaging technologies, the value of a detailed physical examination has been questioned 25, 27, 28, [38] [39] [40] [41] [42] . Although correlation between examination and imaging findings is often noted, there can be noteworthy and unpredictable differences in absolute value of degrees of rotation. Ultimately, a provider who can perform a thorough assessment of the rotational profile and has good understanding of expected normal values for each site at each age should be able to accurately diagnose torsional deformity even without the assistance of radiographic studies.
Radiographic Evaluation
For patients with abnormal findings on physical examination, radiographs are made to assess the affected joints. Hip and pelvic radiographs can identify acetabular or femoral dysplasia and early osteoarthritis. Anteroposterior, lateral, and Merchant radiographs of the knee can identify patellofemoral alignment issues and arthritis. Rotational deformity about the knee or ankle may present with increased tibia-fibula overlap (Fig. 2 ). For patients with severe intoeing or out-toeing, radiographs of the foot can also be useful for identifying metatarsus adductus and quantifying pes planus. Finally, a standing lower extremity radiograph or EOS imaging (a biplanar low-dose imaging system) should be used to assess concurrent coronal plane deformity and limblength discrepancy 44 , but surgeons must be aware that coexisting tibial torsion deformity may confound the assessment of knee malalignment [45] [46] [47] . Patients with external tibial torsion and genu varum often will appear to have more varus when the feet are pointing forward. Patients with femoral anteversion will appear to have a high femoral neckshaft angle that will decrease after correction.
Unfortunately, rotational alignment is difficult to assess on radiographs. Several authors have described methods for determining femoral anteversion with use of axial or biplanar radiography [48] [49] [50] [51] , with questionable accuracy and reproducibility 25, 50, 52, 53 . Meanwhile, radiographic methods for determining tibial torsion provide values that are similar to physical examination measurements but not CT comparisons 54, 55 . Currently, we use radiographs to assess coronal and sagittal alignment as well as joint integrity. Other imaging modalities that allow for more quantitative assessment, such as ultrasound [56] [57] [58] , fluoroscopy 23 , and MRI 27,59,60 , have been described. Rotational profiling with use of 3-dimensional (3D) imaging such as MRI and CT is the definitive method for the diagnosis of lower extremity abnormality. Measurements are taken from 2D axial slices through the femoral neck, distal part of the femur, proximal part of the tibia, and ankle mortise to determine rotation. Axial imaging theoretically provides highly accurate and repeatable measurements, but it is not without limitations. The orientation of the axial cut can change planes, which has been shown to alter measurement results. The most widely used femoral measurements rely on CT-derived axial slices through the femoral neck and distal femoral condyles. With all techniques, the distal 
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axis of the femur is a line tangent to the posterior aspects of the condyles on the axial image, where the condyles have the largest anterior-to-posterior distance 18, 61, 62 . Measurement of the femoral neck axis is variable and can be performed with use of different 2D slices (axial, oblique, superimposed) and anatomical landmarks (femoral head, femoral neck, greater trochanter) 19, 22, 61, [63] [64] [65] . The use of 3D-CT reconstructions has also been described 66 . CT offers the ability to measure acetabular version. If the femoral version that was measured during the physical examination does not correlate with that measured on CT scans, then the acetabular version needs to be evaluated as acetabular retroversion can decrease the measurement of internal rotation during physical examination 43 .
A wide range of normative CT values for femoral anteversion have been reported (from 6°to 24°) (Table I) of the proximal tibial slice may be hard to define, and, given that the majority of tibial torsion occurs in the proximal 4 cm of the tibia, slices must be chosen as proximal to the tibial plateau as possible 15, 71 .
A number of other measurement techniques have been described to define the distal tibial axis 22, 74 . The bimalleolar method describes a line drawn from the center of the anteroposterior diameters of the medial malleolus and fibula in an axial slice either just proximal to the ankle mortise with the fibula in the incisura 29 or at the level of the talar dome 12, 38, 62, 73 . The posterior intermalleolar line at the level of the talar dome also has been used 59 . Variability has been noted with these reference points, with average disagreement of as much as 13°on intermethod comparisons 74 .
As in the femur, a wide range of normative CT values for tibial torsion (from 24.5°to 38°) have been reported in the literature 12, 22, 36, 38, 63, 67, 69, 71, 73, 76 ( | . Meanwhile, the anatomy of the posterior tibial condyles has been noted to be quite variable, with as much as a 10°dif-ference in angulation depending on the axial slice chosen 73 . For this reason, some have advocated measuring the torsion of the "leg" from the femoral condyle (which has only 1°to 2°of variability) to the distal tibial reference point 73 (Fig. 3) .
With the widespread use of CT for the evaluation of the rotational profile, concerns remain regarding the radiation exposure in young patients [78] [79] [80] . In practice, the use of CT also may be limited in younger patients because of incomplete ossification. Physicians regularly using CT should consider developing protocols that reduce risks due to ionizing radiation for their younger patients. Alternatively, EOS (the biplanar low-dose imaging system) has been used for 3D modeling of the lower extremity and measurement of femoral and tibial rotation 62, 81, 82 . EOS imaging requires radiation doses lower than even conventional radiographs, and computer software reconstructions allow for measurements of rotation 62, 83 .
MRI methods are considered relatively accurate and do not subject the patient to any radiation, but tests are time-consuming and costly compared with CT scanning 59, 84 . Koenig et al.
described an MRI protocol for assessing rotation within approximately 10 minutes; this protocol may be important when assessing children, for whom sedation may be required for adequate imaging 59 . Additionally, MRI measurements have been found to vary by as much as 5°depending on the imaging protocol 85 The term miserable malalignment describes a combination of femoral anteversion, tibial external torsion, and an increased Q angle, which can occur alongside patella alta, squinting patella, genu varum, and genu recurvatum 12, [88] [89] [90] . While coronal plane deformity clearly plays a role in altering the Q angle, axial plane changes also affect tracking biomechanics. Increased femoral anteversion displaces the patella medially, increasing the Q angle and altering the lateral patellar tilt angle 28, 87, 91 , which drastically increases lateral patellofemoral contact pressures 92 . External tibial torsion displaces the tibial tubercle laterally, also increasing the Q angle 90 . Erkocak et al. demonstrated a close relationship between the Q angle, femoral anteversion, external tibial torsion, and anterior knee pain in adults 20 to 40 years of age 12 .
While obesity is the primary risk factor for SCFE, it has been suggested that anatomical alterations of the proximal part of the femur may also put patients at risk for SCFE 93 . Meanwhile, excessive femoral rotation has been identified as a possible precipitator of FAI 16, 27, 94, 95 . Botser et al. demonstrated that patients with low anteversion are more likely to have pincer Figs. 3-A, 3-B, and 3-C Representative CT slices for a 14-year-old girl with pathological femoral anteversion and external tibial torsion. By convention, external rotation is defined as positive and internal rotation is negative. In this example, the distal femoral axis is used as a proxy for the proximal tibial axis when determining tibial rotation. Femoral anteversion is equal to the proximal femoral axis angle minus the distal femoral axis angle. Tibial external rotation is equal to the distal tibial axis angle minus the distal femoral axis angle. With this method, femoral anteversion in this patient is measured as 55°and tibial external torsion is measured as 62°. Fig. 3 -A To define the proximal femoral axis, a CT slice capturing the femoral head and neck is chosen. A line bisecting the femoral neck to the center of the femoral head is drawn, and the angle as compared with a horizontal line is captured. Fig. 3 -B The distal femoral axis, defined as a line tangent to the most posterior aspect of the femoral condyles, is drawn on the CT slice where the condyles are most prominent. Fig. 3 -C The distal tibial axis is defined as the malleolar bisector line at the level of the ankle joint.
impingement, whereas patients with high anteversion are more likely to have a cam deformity 27 .
The longer-term sequelae of rotational deformity are not well understood. FAI is known to accelerate the progression of hip degeneration 94, 95 . Terjesen et al. and Halpern et al. noted that femoral anteversion is a predisposing factor for hip (Fig 4-A) shows an anteroposterior view of the knee joint, with an oblique view at the knee. The top right panel (Fig 4-B) shows a lateral view of the knee, with an oblique view of the ankle. Figs. 4-C 98 , pathological rotation is thought to increase shear forces across articular cartilage, leading to biomechanical changes in the subchondral bone and deep chondral layers 10, 14 . Femoral anteversion is increased in patients with patellofemoral arthritis, a sign that excessive femoral torsion may contribute to increased wear of the patellofemoral joint 91 . Femoral retroversion is more likely to be associated with tibiofemoral osteoarthritis 11 , and internal tibial torsion has been correlated with medial knee osteoarthritis 14, 15, 91, [101] [102] [103] [104] .
Operative Considerations
Operative correction of torsional deformity remains a controversial topic, and the majority of published data are found in the pediatric literature, with poor application to adult populations. Adults who present with torsion have self-identified problems related to malalignment and may benefit from osteotomy. As there is no absolute value of deformity that requires surgery, asymptomatic children who are brought in by concerned parents require a careful approach and may be best served by observation until symptoms appear.
Spontaneous remodeling of the femur with improvement of gait abnormalities occurs in most children by the age of 8 years, with little change after that point 3, 105 . Unfortunately, nonoperative treatment for symptomatic femoral anteversion is ineffective 21, 105 . Relative indications for surgery include hip, knee, or ankle pain in the presence of excessive anteversion or retroversion and/or functional concerns of persistent in-toeing, impaired gait, and tripping during athletic activity 106 .
A number of osteotomy locations and fixation methods have been described 105, [107] [108] [109] [110] [111] . Percutaneous osteotomies involve minimal periosteal stripping and are thought to improve the speed and success of osseous union. This technique is particularly important in adults with less-robust periosteum and decreased healing potential. Closed osteotomy with an intramedullary saw also has been described 112 . Plate fixation with either proximal or distal osteotomy is a well-described and effective technique, although serious complications are not uncommon (with a reported rate of approximately 15%) 113 . With the advent of a lateral trochanteric entry nail, intramedullary fixation is the preferred method for the correction of primary rotational deformities in older children 106, 110, 111 . The advantages of intramedullary nails include improved aesthetics, minimal soft-tissue dissection, early weight-bearing, load-sharing (which promotes osseous healing), and a I
JANUARY 2019 · VOLUME 7, ISSUE 1 · e3 Figs. 6-A through 6-F A 32-year-old man who presented with right knee pain caused by external tibial torsion of 57°(15°greater than that on the contralateral side). The patient underwent right tibial supramalleolar osteotomy and fibular osteotomy with application of a Taylor Spatial Frame. He gradually underwent correction of 15°starting on the third postoperative day, with daily adjustments for 15 days. (Fig. 6-B) , clinical photograph ( Fig. 6-C) , and lateral radiograph (Fig. 6-D) of the right lower leg, made 6 weeks after Taylor Spatial Frame correction. Figs. 6-E and 6-F Clinical photograph and radiograph, made 6 months postoperatively, demonstrating improvement of the foot progression angle and healing of the supramalleolar osteotomy site.
decreased risk of complications. The reported complication rates have been low 106, [110] [111] [112] . For younger patients, the nail can be placed safely through a trochanteric starting point 114, 115 (Fig. 4) , whereas for older patients, a piriformis starting point can be used 116, 117 (Fig. 5) .
In order to avoid creating a varus deformity, care should be taken to select the correct nail size and starting point (which should not be too lateral) 118 . Fat embolism syndrome is a theoretical risk associated with intramedullary fixation, and vent holes drilled at the osteotomy site prior to reaming may reduce the risk of fat embolus. Percutaneous osteotomy and fixation with use of a modified Ilizarov frame has been described with excellent results, although the frame is poorly tolerated in the thigh 109 . The advantages of external frame application include the ability to bear weight immediately and to adjust alignment parameters postoperatively 119 .
With regard to tibial torsion, surgery generally been avoided for patients younger than 8 years of age 3, 105, 120, 121 .
The indications for the treatment of idiopathic torsion remain vague and include the presence of severe deformity $3 standard deviations from the mean, but functional pain and disability remain the primary considerations 105, 122 .
Osteotomy for the treatment of tibial torsion can restore kinetic and kinematic parameters of knee motion to nearnormal values 123 . Osteotomy is performed proximally, distally, or in the midshaft and can be either percutaneous or open. Fixation can be performed with an intramedullary nail, staples, casting, plates, Kirschner wires, or an external fixator 90, 119, 122, [124] [125] [126] [127] [128] [129] . Fibular osteotomy may be performed if the tibia derotation angle is .30°1
22 . It is thought that an intact fibula could lead to incongruity of the ankle joint and may contribute to recurrence of deformity 124 , although one study demonstrated that an intact fibula prevented the loss of fixation and angulation at the osteotomy site 126 .
With regard to the level of osteotomy, proximal osteotomies are associated with a higher risk of complications, including peroneal nerve injury and compartment syndrome, but they are useful in patients with concurrent coronal knee deformity 90, 125 . Casting in children requires no metal implants but includes the risk of loss of correction 126, 127 . Plate fixation requires larger incisions, requires ultimate removal of the implant, may lead to a decreased rate of union because of the presence of rigid fixation, and is associated with increased rates of complications as compared with percutaneous pin fixation in distal tibial osteotomy 128 . Circular external fixation can be used to safely and reliably correct malalignment as the lower leg tolerates external fixation relatively well 130 (Fig. 6 ). Gradual correction makes neurovascular accommodation possible and compartment syndrome highly unlikely. External tibial torsion exists in as many as 50% of patients with congenital genu varum, whereas internal tibial torsion is often seen in patients with Blount disease [131] [132] [133] . The treatment of complex Figs. 7-A through 7-E A 42-year-old woman with a history of genu varum presented with bilateral hip, knee, and ankle pain, all of which were greater on the right side than on the left side. CT scans showed 55°external tibial torsion and 33°femoral anteversion on the right side. The patient underwent derotation osteotomy and nailing of the right femur, proximal tibial osteotomy, and application of a Taylor Spatial Frame. Daily frame adjustments allowed for gradual correction of 25°rotation and 7°varus over 25 days. deformity with gradual correction with use of multiplanar fixation has yielded excellent results 131, 132, 134 (Fig. 7) .
Finally, the use of intramedullary fixation in the tibia has similar advantages as in the femur 90, 129 and avoids risk of pin-site infection, but that method is reserved for skeletally mature patients, may require implant removal, requires acute correction (which may increase the risk of neurovascular complications), and can be associated with anterior knee pain (which is often an indication for the procedure in the first place) 129 (Fig. 4) . Adjunctive procedures, including peroneal nerve release and prophylactic percutaneous fasciotomy, should be considered with large angular corrections. Overall, the reported complication rate for tibial osteotomies has ranged from 0% to 43%, with a 5% to 10% rate of major adverse events regardless of fixation method 129 .
Miserable malalignment syndrome is best treated with concurrent ipsilateral rotational osteotomies and either intramedullary nailing or plate fixation 90 . Extensor mechanism realignment alone has a high rate of failure when the underlying cause of patellofemoral pain is either tibial or femoral rotation 135 .
Limb-length inequality can be addressed at the time of osteotomy by gradually distracting the cut bone ends with use of either an internal lengthening nail or an external fixator 136 .
Unfortunately, few studies have evaluated the long-term results of derotation procedures. Bruce and Stevens reported complete resolution of anterior knee pain in 27 extremities at 5 years of follow-up in a study of patients undergoing femoral and tibial derotation procedures for the treatment of miserable malalignment 90 .
Meister and James reported similar findings at 10 years of follow-up 137 . 
